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Introduction

Most bilaterian animals appear l-r symmetric from the outside. 
However, they are mostly l-r asymmetric on the inside: Their 
internal structures show chirality or handedness such that the 
organism adopts either a right- or a left-handed form.1-4 In order 
to properly characterize these l-r asymmetries, two fundamen-
tal distinctions are important: (1) At the level of an individual 
organism, primary and secondary l-r asymmetries have to be 
distinguished. Primary l-r asymmetry arises during early devel-
opment5,6 and determines the l-r asymmetry of internal organs, 
e.g., coiling of gut and genitalia, shape and position of the heart 
or laterality of the nervous system (Fig. 1). Secondary l-r asym-
metry arises during later development, is not restricted to internal 
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The development of bilateral symmetry during the 
evolution of species probably 600 million years ago brought 
about several important innovations: It fostered efficient 
locomotion, streamlining and favored the development of a 
central nervous system through cephalization. However, to 
increase their functional capacities, many organisms exhibit 
chirality by breaking their superficial left-right (l-r) symmetry, 
which manifests in the lateralization of the nervous system 
or the l-r asymmetry of internal organs. In most bilateria, 
the mechanisms that maintain consistent l-r asymmetry 
throughout development are poorly understood. This 
review highlights insights into mechanisms that couple early 
embryonic l-r symmetry breaking to subsequent l-r patterning 
in the roundworm Caenorhabditis elegans. A recently identified 
strategy for l-r patterning in the early C. elegans embryo is 
discussed, the spatial separation of midline and anteroposterior 
axis, which relies on a rotational cellular rearrangement and 
non-canonical Wnt signaling. Evidence for a general relevance 
of rotational/torsional rearrangements during organismal l-r 
patterning and for non-canonical Wnt signaling/planar cell 
polarity as a common signaling mechanism to maintain l-r 
asymmetry is presented.
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structures and forms independently of the primary. A prominent 
example is the dramatic difference in claw size of fiddler crabs or 
the l-r asymmetries in human faces. (2) At the level of a popu-
lation three major forms of l-r asymmetry can be discerned: 
Directional l-r asymmetry, enantiomorphy and fluctuating l-r 
asymmetry. If a species shows directional l-r asymmetry it means 
that all individuals show the same chirality.7 In the case of enan-
tiomorphy both types of chirality can be found,8 whereas fluctu-
ating asymmetries refer to random handedness and degree of a 
specific asymmetric trait in a population.9

This review focuses on primary l-r asymmetry and on mecha-
nisms of directional l-r asymmetry. In most invertebrate6 (e.g., 
snails, nematodes, Drosophila) and vertebrate10 (e.g., Xenopus, 
zebrafish, mouse, rat) model organisms and ourselves an invari-
ant form of primary l-r asymmetry exists. On the one hand this 
is surprising since there is no obvious functional difference and 
thus also no evolutionary selective pressure favoring either a 
right- or a left-handed form. This is especially apparent in the 
natural occurrence of rare individuals in species with invariant 
primary l-r asymmetry that are mirror-symmetric to the rest of 
the population (situs inversus totalis).11,12 These ‘reversed’ organ-
isms are however functionally equivalent and phenotypically 
asymptomatic, although they may show only partial reversal of 
behavioral l-r asymmetries.12 On the other hand, the develop-
ment of a consistent chirality where all individual l-r asymmetric 
organs are oriented with respect to the global l-r polarization is 
essential for an organism to function properly: If local devia-
tions from the global l-r direction occur during development, 
they often lead to severe phenotypic abnormalities as inconsistent 
individual l-r asymmetries can no longer integrate into a coherent 
body plan.13-15

The emergence of primary l-r asymmetry during early embry-
onic development has been noticed more than a century ago.16 
Ultimate validation that early l-r symmetry breaking determines 
all later directional asymmetries was obtained much later from 
micromanipulation experiments, first performed in C. elegans 
embryos11 and more recently also in embryos of the snail Lymnaea 
stagnalis17 (Fig. 2A): In both cases, a chiral arrangement of blas-
tomeres with a unique handedness is apparent at the six- or eight-
cell stage embryo, respectively. When this invariant handedness 
is inverted by the application of external force, organisms develop 
that are mirror-symmetric in all anatomical aspects as compared 
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equivalent pair on the right (ABar/ABpr) 
(Fig. 2A). This configuration is forced 
by external constraints: The cells start to 
divide perfectly orthogonal to the antero-
posterior (a-p) and dorsoventral axis, their 
spindles can however not elongate freely 
and skew into an oblique orientation as 
space along l-r is limited by the incompress-
ible egg shell.22 Notably, this external con-
straint is at best only a partial guidance cue 
for the l-r bifurcation, as embryos without 
an egg shell exhibit only 5% reversals.7,22 
Moreover, another nematode species, 
Acrobeloides bodenheimeri Steiner, has been 
described23 that shows reversed handedness 
as compared to all other known nematodes 
of the Rhabditia order24 (to which also C. 
elegans belongs), yet it develops in an egg 
shell with a comparable shape. Thus, the 
handedness of the ABa/p spindle skew 
seems to originate from an intrinsic l-r bias. 
It has been proposed7 that a reversal must 
be mechanistically constrained similarly 

to what has been shown for the only other phylum that besides 
nematodes exhibits naturally occurring reversals, the Limnea and 
Physa snails, where sinistral forms are due to a recessive maternal-
effect mutation.6,25,26

How is the spindle skew regulated to yield an invariant pri-
mary l-r asymmetry, and what could be the intrinsic l-r cue? 
Generally, spindle orientation in C. elegans is controlled by polar-
ity cues provided by PAR proteins and heterotrimeric G-protein-
signaling activated by a receptor-independent pathway, whereby 
both the PAR and the G-protein systems reside in the cortex.27,28 
Together with dynein motor complexes, these systems can gener-
ate differential pulling forces on astral microtubules (Fig. 2A and 
right part). It has been demonstrated that a temperature-sensitive 
mutation in the Gα(i) gene gpa-16 leads to randomization of 
the ABa/p spindle skew handedness.29 GPA-16 acts in associa-
tion with RIC-8 and GPR-1/2, required for cortical recruitment 
and activation of GPA-16, respectively, while both are gener-
ally required for pulling force generation.30,31 More recently it 
has been shown that gpa-16 mutant embryos exhibit markedly 
diminished and symmetric pulling forces during divisions that 
would be asymmetric in wild type embryos.32 Taken together, 
these findings show that proper attachment of the spindle to 
force generators in the cortex is required for the formation of the 
l-r axis in C. elegans. However, these findings do not yet fully 
explain the invariant handedness of the skew.

Further insight into the handedness problem comes from 
recent work which revealed a dynamic interplay between mitotic 
spindles and the actomyosin network at sites where microtubule 
tips contact the cortex.33,34 Interestingly, searching for l-r asym-
metry cues in C. elegans that might precede the spindle skew at 
the six-cell stage, Wood and coworkers found that prior to the 
initiation of the first cell division, the entire one-cell embryo 
rotates by 120o, whereby the direction of rotation is invariant 

to their non-manipulated wild-type counterparts; they exhibit a 
situs inversus totalis through mechanical manipulation.11,17 These 
reversal experiments reveal the logic of l-r symmetry break-
ing:1,5,18 The decision on an organism’s primary l-r asymmetry 
can be thought of as crossing a critical point early in development 
at which the system’s chiral fate is determined by choosing only 
one of the branches of a bifurcation. The current paradigm for 
further l-r patterning is that, after crossing this initial bifurca-
tion point, fields of asymmetric gene expression are established. 
In these fields, asymmetric cellular behaviors emerge that even-
tually lead to asymmetric morphogenesis. Both the theoretical 
logic and the actual reversal experiments indicate that in order to 
develop consistent directional l-r asymmetry, the initial chirality 
decision has to be propagated effectively.

With the frequent lack of clear morphological analogy 
between species,6,19 only a combination of morphological char-
acterization and cellular/molecular analyses can reveal whether 
comparable mechanisms determine and propagate primary l-r 
asymmetries. Of particular current interest are genetic and mor-
phogenetic pathways that mediate these subsequent l-r patterning 
events so that they align with the global direction of l-r asym-
metry. These will be discussed in the following section for the 
roundworm C. elegans.

Establishing and Maintaining Directional L-R 
Asymmetry in C. elegans

As in any other organism, the unequivocally first symmetry break-
ing event in C. elegans is not known. However, as indicated above, 
the first apparent and functionally relevant sign of l-r asymmetry 
corresponds to the l-r asymmetric placement of blastomeres at 
the six-cell stage,20,21 where the left pair of ectodermal founder 
cells (ABal/ABpl) is invariantly located more anteriorly than the 

Figure 1. L-R Asymmetry of internal organs in Caenorhabditis elegans, Drosophila melanogaster 
and Homo sapiens. Selected organs are shown for each organism, endodermal/intestinal organs 
are shown in red. Lower right of each part: Schematized topology of selected asymmetries for 
each organism. Arrows indicate tissue movements that lead to coiling of the respective tissue.
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it on the right. Thus, the eight cells become organized into an 
inherently asymmetric bilateral body plan, with more cells on 
the left side of the midline. This represents an unusual literal 
interpretation of the logic of l-r patterning which requires that a 
midline must be established and, subsequently, the left and right 
sides must be made different from one another. Pohl and Bao 
found that in C. elegans the left and right sides are not necessarily 
qualitatively different but, surprisingly, quantitatively different as 
they contain different numbers of cells.

Importantly, it has been established through early work on 
the C. elegans lineage that the sister cells which are symmetric 
to the tilted midline present at the stage of chiral morphogenesis 
are equivalent in their cell fate.39-42 This is in contrast to higher 
organisms where the current paradigm for l-r patterning neces-
sitates the establishment of a restricted expression domain of the 

relative to the a-p axis, indicating an 
intrinsic chirality.35 They also found that 
inhibition of actomyosin or microtubule 
functions block the skew. Additionally, 
it is known that (1) the remnant of the 
ABa-ABp cytokinesis, the midbody, is 
invariably found on the future right side, 
and that (2) cytokinesis is intrinsically 
asymmetric in C.  elegans.36 These inter-
esting observations suggest that a chiral 
structure exists at the nexus of the actin 
and the microtubule cytoskeleton and 
that during cytokinesis—by unknown 
mechanisms—intrinsic chirality is 
translated into directional morphologi-
cal l-r asymmetry. Strikingly, in the egg 
of Xenopus laevis, which is radially sym-
metric initially, Danilchik and colleagues 
have demonstrated an invariant chirality 
of the actin cytoskeleton that depends on 
the polarized orientation of preexisting 
F-actin fibers.37 They suggest that this 
chiral structure is maternally inherited, 
which implies a similar genetic pathway 
as found for chirality in snails (see above). 
Moreover, the integrity of the actomyosin 
cortex is crucial for proper development of 
later l-r asymmetries e.g., internal organs 
handedness. Hence, an early determina-
tion of the primary l-r asymmetry that 
directs all later l-r patterning events is 
also found in vertebrates. Unfortunately, 
similar early aspects of l-r axis formation 
in other vertebrates have not been studied 
so far.

Until recently, the subsequent l-r pat-
terning steps that immediately follow 
the initial l-r decision were unknown in 
C.  elegans. Pohl and Bao have recently 
shown that right after the ABa/ABp 
spindle skew occurs cells in the C. elegans 
embryo undergo l-r asymmetric morphogenetic movements.38 
They termed this morphogenetic program chiral morphogenesis, 
as it comprises an invariant collective l-r asymmetric rearrange-
ment that is highly robust (Fig. 2B). The cell movements dur-
ing chiral morphogenesis achieve a stereotypical configuration of 
blastomeres that provides the blueprint for the bilateral body plan 
in C. elegans: The l-r asymmetry generated by the spindle skew 
is reinforced through movements so that a midline is generated. 
Moreover, during its formation, the midline is uncoupled from 
the a-p axis, tilted to the right. According to the invariant cell 
lineage and fates, the cells on the midline generate a bilaterally 
symmetric structure and contribute equally to the left and right 
sides of the organism. Furthermore, the ABal blastomere, which 
does not have a bilateral counterpart in the cell lineage, is segre-
gated to the left side of the tilted midline with no cell mirroring 

Figure 2. The sequence of l-r symmetry breaking events during C. elegans embryogenesis. Cells 
actively involved in morphogenetic events or inductions are highlighted in red. (A) Left: Spindle 
skew during the ABa/p divisions that leads to the first morphological l-r asymmetry. Dorsal views, 
anterior is to the left, posterior to the right. White lines connect daughter nuclei, arrows indicate 
the direction of spindle skewing. Right: The force-generating machinery that links the spindle to 
the cortex. Gα (GPA-16 and GOA-1, see text for details) recruit the dynein complex, a minus-end di-
rected microtubule motor, through interactions with GPR-1/2 and the coiled-coil protein LIN-5. MT, 
microtubules. (B) Chiral morphogenesis at the 8-cell stage. Left side views, anterior is to the left. 
Midline (red), a-p axis (black) and l-r axis (blue) are shown. The dashed circle on the right indicates 
the direction of the rotational rearrangement. (c) Notch inductions that follow chiral morphogen-
esis on the left side of the embryo. Embryos are oriented as in b. Inducing cells are shown in green, 
receiving cells in red. For simplicity, lateral cells were obmitted in the case of the Notch induction 
from MSapxx, as this induction takes place in the center of the embryo.
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their findings underscore the importance of cytokinesis in the 
spatiotemporal coordination of morphogenesis. Thus, these find-
ing unexpectedly point to signaling mechanisms, yet to be fully 
explored, that mediate communication between neighboring 
cells.

These novel findings close a gap in the understanding of l-r 
patterning in C. elegans: Elegant work from the Schnabel49,50 and 
Priess laboratories51 has shown that l-r patterning from the 12-cell 
stage onwards is achieved by l-r differential Notch inductions 
(Fig. 2C). However, as these inductions rely on direct cell-cell 
contacts, they necessitate an elaborate l-r asymmetric environ-
ment. With the discovery of the formation of an l-r asymmetric 
body plan through chiral morphogenesis,38 the origin of this par-
ticular environment has been revealed. During the first Notch 
induction, which occurs shortly after chiral morphogenesis is 
completed, MS induces ABara—to produce pharyngeal cells 
instead of neuronal tissue when not induced—and ABalp—to 
produce neurons instead of hypodermis when not induced.50 A 
second and third l-r Notch induction follow at the 24-cell stage, a 
major induction originating from ABalap and a minor induction 
likely from MSap.50 Another induction that induces l-r asymme-
try during intestinal organogenesis derives from descendants of 
MSap.51

Taken together, investigation of l-r patterning in C. elegans has 
shown that very likely all directional l-r asymmetries that affect 
the construction of the basic bilateral body plan originate from 
the primary l-r decision.11 Nonetheless, it could be conceived that 
directional l-r asymmetries emerging very late in development, 
e.g., lateralization of the nervous system, might originate inde-
pendently of initial l-r symmetry breaking through local com-
petition (e.g., stochastic lateral inhibition) or other mechanisms 
of local symmetry breaking.52 However, an important observa-
tion has been made that supports the notion that the primary 
l-r asymmetry also influences developmentally late neuronal l-r 
asymmetry: Poole and Hobert demonstrated that both the hand-
edness of the chiral arrangement of blastomeres at the six-cell 
stage and the subsequent Notch inductions determine functional 
l-r asymmetry of a bilateral neuron pair, ASEL/ASER.53 The 
authors propose that these early events leave ‘asymmetry marks’ 
that are read only much later, when cells have to decide on their 
final l or r fate. These findings present another interesting start-
ing point for the future discovery of molecular mechanisms that 
transduce l-r asymmetry information.

Rotational/Torsional Rearrangements during L-R 
Patterning in Other Organisms

As mentioned above, chiromorphogenesis in the early C. ele‑
gans embryo occurs through a rotational rearrangement of 
cells (Fig. 2B). Remarkably, this is by no means an exceptional 
mechanism as rotational rearrangements have been implicated 
in l-r symmetry breaking events in other organisms: During 
Drosophila larval development for example, genitalia undergo 
a dextral circumrotation leading to a coiling of the spermiduct 
around the hindgut (Fig. 1 and middle part). A recent study by 
Suzanne et al. (review in ref. 54) shows that the genital plate 

TGFβ family factor Nodal to the left side of the midline.43 A 
Nodal pathway is however not conserved in ecdysozoa44 (e.g., 
nematodes and flies) and thus it could be argued that C. elegans is 
simply a special case due to the loss of the pathway. Remarkably, 
this apparent discrepancy has been resolved recently: Snail 
embryos, which establish their primary l-r asymmetry through 
a chiral morphogenesis comparable to C. elegans (see above), n 
evertheless use the Nodal pathway for downstream l-r pattern-
ing.17,45 Importantly, reversion of the primary l-r asymmetry 
also leads to a reversion in the Nodal expression domain, clearly 
demonstrating that the primary l-r asymmetry is upstream and 
independent of Nodal.17 Additionally, the pathways that lead to 
the restricted expression of Nodal in different species vary sub-
stantially.46-48 Thus, it will be interesting to test whether earlier 
chiromorphogenetic symmetry breaking events could generally 
act upstream of l-r differential gene expression.

Furthermore, given the fate equivalence of l-r symmetric pairs, 
Pohl and Bao investigated the cause for l-r asymmetry during chi-
ral morphogenesis.38 As indicated by the reversal experiments (see 
above), they reasoned that l-r asymmetry might lie in mechani-
cal l-r asymmetries originating from differential regulation of the 
cytoskeleton. Indeed, although the l-r sisters ABpl and ABpr are 
equivalent fate-wise, they exhibit strong asymmetries in cellular 
behaviors: ABpl undergoes dramatic shape changes by forming 
dorsal and ventral lamellipodia, anterior filopodia and translo-
cates anteroventrally. In contrast, ABpr shows only very transient 
protrusive activity and does not move. They could furthermore 
establish that these l-r asymmetries originate from the actomyo-
sin cortex through (1) differential regulation of contractility and 
(2) l-r differential balance of branched and unbranched actin 
polymerization mediated by WAVE-Arp2/3 or CYK-1/formin, 
respectively.

Pohl and Bao also revisited cases of l-r reversal that had been 
previously reported:22 They cultivated worms at low tempera-
ture, which induces reversal of the ABa/ABp spindle skew in a 
fraction of embryos by impairing an unknown maternal contri-
bution (Fig. 2B). Consistent with the idea that chiral morpho-
genesis represents an integral part of the l-r patterning pathway 
that maintains the direction of primary l-r asymmetry, they find 
that a reversed spindle skew is always associated with a mirror-
image chiral morphogenesis.38 Thus, the ABa/ABp spindle skew 
is either upstream of handedness choice or—which seems to 
align better with their WAVE-Arp2/3 RNAi experiments (see 
above)—the two are parallel events that respond to a common 
intrinsic l-r asymmetry cue.

Strikingly, Pohl and Bao also show that the timing of protru-
sion formation appears to be guided by the division of the neigh-
boring EMS cell:38 The extension of the ventral protrusion of the 
ABpl cell coincides with the EMS cell forming its contractile ring. 
Additionally, they present evidence of direct causality by delaying 
the EMS division through laser irradiation. Interestingly, they 
also find that EMS cytokinesis has an invariant directionality 
similar to the ABa/p cytokinesis with the contractile ring also 
invariantly appearing on the right side. Although they could not 
establish a direct causality between the directionality of con-
tractile ring closure and handedness of chiral morphogenesis, 
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that a homolog of vertebrate latrophilins, lat-1, plays an essential 
role in the establishment of tissue polarity in C. elegans.70 lat-1 is 
structurally related to flamingo/CELSR, an essential component 
of the canonical PCP in other organisms. Moreover, lat-1 geneti-
cally interacts with Wnt pathway genes and shows a strong l-r 
asymmetry during epidermal morphogenesis. Hence, the find-
ings of Langenhan et al. and Pohl and Bao suggest that a PCP-
like pathway establishes tissue polarity required for l-r patterning 
and epithelial morphogenesis.38,70 In the light of the l-r asymmet-
ric body plan, it will be interesting to test whether direct links 
between early non-canonical Wnt and lat-1/Wnt signaling exist.

Importantly, several recent studies have established that the 
Wnt/PCP pathway is the major regulator that determines l-r 
patterning in vertebrates.71-73 In most vertebrates leftward move-
ment of fluid at the ventral node mediates l-r symmetry breaking. 
The flow is generated by the rotation of posteriorly tilted cilia 
which unidirectionally transport so-called nodal vesicular par-
cels resulting in l-r differential gene expression. Until recently, it 
was unclear how posterior tilting of nodal cilia is accomplished. 
Notably, the fact that all cilia are localized to the posterior of 
cells indicates that embryonic a-p polarity is used to break l-r 
symmetry. The Hamada, Ciruna and Yang laboratories have now 
demonstrated that the posterior tilt depends on the homologs of 
Drosophila disheveled, the GTPase Rac1 and the homologs of 
the Drosophila Strabismus/van Gogh transmembrane protein, 
Vangl1/Vangl2, all components non-canonical Wnt signaling.71-73 
Although theoretically proposed,74 these findings are somewhat 
unexpected, in that they clearly show that a-p polarization is 
translated into l-r polarization through a PCP mechanism that 
acts before unidirectional nodal flow is established. Hence, l-r 
symmetry breaking in vertebrates occurs much earlier than previ-
ously assumed and seems to rely on a signaling mechanism which 
is also deployed for l-r patterning in the invertebrate C.‑elegans.

Taken together, Wnt/PCP signaling constitutes a major devel-
opmental pathway to establish l-r symmetry breaking across 
the invertebrate-vertebrate boundary. It will be interesting to 
examine whether Wnt/PCP dependent l-r symmetry breaking 
mechanisms represent a common trigger for rotational tissue 
rearrangements and whether rotational extracellular flow can be 
considered a ‘special case’ for rotational rearrangements. Thus, 
the recent discoveries in the field of l-r patterning have opened a 
door to search for commonalities of l-r patterning between inver-
tebrates and vertebrates.
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serves as l-r organizer during this process. Interestingly, similar 
to C. elegans chiromorphogenesis, the rotational rearrangement 
of the genital plate relies on forces generated by actomyosin. Two 
studies by the Noselli and Matsuno labs have shown a require-
ment for MyoIA/MyoID-type myosins in controlling l-r choice 
whereby mutants show a reversal of coiling.55,56 Furthermore, 
a recent study has also shown that non-muscle myosin II is 
required for the l-r asymmetric development of the embryonic 
anterior midgut in Drosophila.57 Thus, forces from actomyosin 
seem to represent a central aspect of l-r patterning in both worms 
and flies.

In the chick embryo, it has been noted earlier58 that l-r dif-
ferential gene expression is preceded by an asymmetric morphol-
ogy of the organizer. Two recent studies have shown that this 
l-r asymmetry arises through cell rearrangements that create a 
leftward flow of cells around the node.59,60 Similar to worms and 
flies, this process depends on actomyosin contractility.

Heart looping in vertebrates represents another well-studied 
example of a torsional morphogenesis resulting in l-r asymmetry. 
During looping, the initially straight heart tube undergoes a tor-
sional rightward deformation into a curved tube (Fig. 1 and right 
part), creating the basic pattern of the adult heart. In the chick 
embryo, inhibition of actomyosin activity suppressed heart loop-
ing, suggesting that also here actomyosin contractility represents 
the key force-producing system.61

Wnt/Planar Cell Polarity Pathways  
and L-R Asymmetry

Although rotational rearrangements seem to present a com-
mon morphogenetic mechanism to achieve l-r asymmetries, 
it is important to ask whether commonalities in l-r patterning 
might also extend to shared signaling pathways. In their recent 
study, Pohl and Bao demonstrate that Wnt signaling is required 
to activate l-r asymmetrical cortical dynamics:38 disrupting Wnt 
signaling by RNAi leads to a general loss of cortical contractil-
ity and protrusive activity in the embryo and a complete failure 
to undergo chiral morphogenesis. Interestingly, the specific type 
of Wnt signaling does not depend on a transcriptional response. 
This pathway has been referred to as non-canonical and is known 
to mediate spindle orientation in the early C. elegans embryo.62,63 
It is also required during later embryonic development, where it 
was shown to activate actomyosin contractility during gastrula-
tion.64 Another major role for Wnt signaling during later develop-
ment is to maintain a-p polarized tissue architecture.65,66 This role 
is reminiscent of non-canonical Wnt/planar cell polarity (PCP) 
pathways in higher organisms, e.g., Drosophila or vertebrates.67-69 
Although C. elegans very likely lacks PCP in a truly canonical 
form, Langenhan and colleagues have recently demonstrated 
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